ABSTRACT We have prepared a three-hole AsS suspended-core fiber (SCF) with an As 2 S 3 core and a Ge 15 Sb 10 Se 75 cladding via a robust technique combining the traditional rod-in-tube process with the preform extrusion method. The as-fabricated chalcogenide SCF has a core diameter as small as 2.33 µm. The lowest fiber loss is 0.62 dB/m at 2.71 µm and the nonlinear Kerr coefficient is up to 4251.96 W −1 ·km −1 at 1.55 µm. The simulation of the dispersion distribution in the fiber indicates that there are two zero-dispersion wavelengths (ZDW) at 2.57 µm and 6.35 µm, respectively, and the ZDW can be further turned into a shorter wavelength if the core size of the fiber is reduced via the in situ tapering process. This makes the fiber much easier to be pumped by cheap and commercial lasers available. Finally, a broad supercontinuum spectrum covering 1.5-9.5 µm is obtained in the SCF pumped by an optical parametric amplifier laser system at 3 µm.
I. INTRODUCTION
Recently, mid-infrared (MIR) SC generation in highnonlinearity fibers has been intensively reported [1] - [5] . Especially, chalcogenide suspended-core fibers (SCFs) with tunable chromatic dispersion [6] - [9] , higher nonlinearity [10] , [11] , and broad infrared transparency up to 10 µm [12] , have been demonstrated promising for the applications such as IR spectroscopy detecting [13] , optical communication, optical metrology [14] , and optical coherence tomography [15] . Nevertheless, it is still challenging in fabricating chalcogenide SCFs, which are mostly due to their complicated fabrication strategies [16] , [17] . Compared with oxide glasses, it is difficult to prepare high quality chalcogenide SCFs since most of chalcogenide glasses possess poor thermal stability. Among various chalcogenide glasses, As 2 S 3 glass is relatively inert, and thus thermal fiber drawing processes have negligible effect on the properties of the glass.
Usually, As 2 S 3 SCFs are produced via the mechanical drilling and air filling methods [18] - [20] , since they are simple and flexible. However, due to the brittle nature and the strong dependence of viscosity on temperature in As 2 S 3 glass, the method of filling atmospheric pressure used in oxide fiber-drawing may not be applied effectively to control the shape and size of chalcogenide fiber. The fiber drawing using such a method usually suffers from the perturbation of filling atmospheric pressure, leading to a rough core-cladding interface and a low robust of the fiber structure. With the formation of internal cracks or distortion, the propagation loss of the fiber would increase rapidly [21] . To solve these problems, we have recently developed a robust extrusion method to produce a stable suspended-core preform combining an As 2 S 3 core with a Ge 15 Sb 10 Se 75 glass tube [22] . The As 2 S 3 suspended-core preform with an ideal microstructure and a smooth inner surface was achieved by a single-step extrusion process using a new extrusion dies design. After rod-in-tube with the Ge 15 Sb 10 Se 75 glass and drawing process, the fiber with a core diameter of 2.33 µm was obtained. The combination of extrusion and rod-in-tube approach provides a convenient way for SCF and other microstructure fibers. We further investigated the ability to transmit light and generate SC spectra using the As 2 S 3 SCF experimentally and numerically, all the results are in agreement with each other.
II. As 2 S 3 SUSPENDED-CORE FIBER DESIGN AND FABRICATION
Ge 15 Sb 10 Se 75 glass was chosen as the core and nontoxic cladding tube material since it had similar glass softening temperature as As 2 S 3 . The As 2 S 3 ( 46 × 18.82 mm) and Ge 15 Sb 10 Se 75 bulk glass ( 20×40 mm) were prepared using the melt-quenching technique. A robust extrusion process of the As 2 S 3 suspended-core preform was exhibited in Fig. 1 (a) . The preform was extruded at a temperature of 300-350 • C and a pressure of 10-15 kN, at which it is soft enough to be forced though a die by a piston into free-space. Both the heating temperature and ramping speed were controlled by a computer during the extrusion process. Finally, the As 2 S 3 preform with perfect three-hole suspended-core was obtained where the core diameter (d 1 ) was 2.5 mm and the bridge size ( 1 ) was 0.8 mm. In order to obtain an appropriate fiber with a small core diameter, the standard rod-in-tube method was introduced into the fiber drawing process. The As 2 S 3 suspended-core preform rod was drawn into a uniform cane with an external diameter of 2 mm. Meanwhile, a 2 mm-diameter inner hole was mechanically drilled in Ge 15 Sb 10 Se 75 glass with a diameter of 20 mm to match the diameter of the As 2 S 3 cane. Then, the cane was inserted into the Ge 15 Sb 10 Se 75 glass tube to create the final preform for fiber drawing. A polyethersulfone (PES) polymer jacket was coated by a thin-film-rolling process to improve the mechanical strength of the fragile chalcogenide fibers. The whole drilling and rod-in-tube process was shown in Fig. 1 (b) . The cross section of the final three-hole suspended-core microstructure after drawing in a fiber-drawing tower (Customized, SGC, England) under suitable temperature and speed was shown in Fig. 1 (c) . The size of the core diameter (d 2 ) and bridge ( 2 ) measured by an optical microscope with a super long depth of view (LV-150, Nikon, Japan) is 2.33 and 0.78 µm, respectively. The ratio of the core to bridge diameter is about 3:1. The large air-hole structure leads to a larger effective refractive index difference between the core and cladding. This would decrease the mode field diameter and enhance the optical power density.
III. As 2 S 3 SUSPENDED-CORE FIBER MEASUREMENT AND SIMULATION
The transmission loss of the fiber was measured by a FT-IR spectrophotometer (Nicolet 5700, Thermo Scientific, USA) with a cooled MCT detector using the standard cut-back method. To remove the cladding modes, gallium was coated on the surface at the output end. The optical transmission loss was presented in Fig. 2 (a) , where the fiber with a diameter of 150 µm and a length of 3.5 m was used. It was found that, the average loss is far less than 1 dB/m in a spectral range from 2.5 to 6 µm, and the lowest transmission loss is 0.62 dB/m at 2.71 µm. Two obvious absorption peaks appear at 3.4 and 4.1 µm (1.6 dB/m, 3.9 dB/m) which is due to C-O and H-S impurities in the As 2 S 3 glass, respectively. Here we emphasize that, the fiber length of 3.5 m used for the loss measurement is quite longer compared with those in the previous research, and thus the lower optical loss indicates high quality fiber used in the paper. Therefore, the weak impurity absorption peaks in Fig.2(a) have negligible effect on the following experiments.
The effective refraction index of the core (n 2 ) was also obtained by the simulation as shown as the black line in Fig. 2 (b) . And the light propagation in the As 2 S 3 SCF at different wavelengths was investigated through numerical simulation. The 3-D profiles of the propagation modes in the core at several wavelengths of 0.6, 2.6, 4.6, 6.6, 8.6 and 10.6 µm were shown in the inset of Fig. 2 (b) . It was found that, the light can be perfectly confined via the As 2 S 3 SCF at a short wavelength below 6 µm. This is in good agreement with the experimental observation as shown in Fig. 2 (c) , where the optical energy distribution image measured by Infrared Near-Field Analyzer (XEN-000298, Xenics, Belgium) at the short wavelength of 1480 nm exhibits wellconfined distribution.
The effective mode-field areas (A eff ) and nonlinear coefficients [9] (γ ) of the As 2 S 3 SCF were further simulated using the COMSOL software with different wavelengths from 0.25 to 11.75 µm based on the nonlinear index of the As 2 S 3 glass, and the results were shown in Fig. 3 (a) . It was found that, A eff increases while γ decreases with increasing wavelength in the As 2 S 3 SCF. The value of γ is up to 4251.96 W −1 · km −1 at 1.55 µm, while A eff is 7.9 µm 2 at 3.5 µm.
It is well known that, microstructure fiber offers more flexibility to engineer the dispersion profile [24] . In this paper, we obtained flatter dispersion profile of the As 2 S 3 SCF by increasing the waveguide dispersion to compensate the material dispersion. The dispersion of the As 2 S 3 SCF was investigated through numerical simulation, and double ZDWs were obtained at 2.57 and 6.35 µm respectively, as shown in Fig. 3 . The ZDW at 2.57 µm in the As 2 S 3 SCF shifts significantly towards the shorter wavelength compared to the material ZDW of 4.8 µm. This provides a convenient way to generate SC spectrum using pump lasers with a shorter wavelength. Then we measured the SC generation via 18.5-cm-long As 2 S 3 SCF pumped by a tunable femtosecond optical parametric amplifier (OPA) system at a repetition frequency of 1 kHz and a pulse width of 150 fs. Figures 3 (c), (d) and (e) show the experimental SCs at a pumping wavelength of 3 µm, 4 µm and 5 µm, respectively. We chose pump wavelengths at the anomalous dispersion region and used high pump power to obtain better broaden band SC sources. A broad spectrum covering 1.5-9.5 µm was obtained with 3 µm pumping. With increasing pump wavelength, the SC range was shifted to longer wavelength due to Raman effect, while the SC sidebands of short wavelength were redshirted violently from 1.5 µm to 3 µm.
IV. TAPERED As 2 S 3 SUSPENDED-CORE FIBER
Tapering the fibers to all-normal dispersion profile is an alternative method for coherent MIR SC generation pumped by a commercial laser. Therefore, we tapered the As 2 S 3 SCF to reduce the core diameter. Fig. 4 (a) shows the cross-section image of the tapered fiber taken by a scanning electron microscope (SEM) (JSM-5610LV, JEOL LTD, Japan). It was found that, the structure of the fiber is kept well during the tapering process, the core diameter is around 760 nm, and the ratio of tapered and un-tapered fiber diameter is about 1:3. Fig. 4 (b) shows a side view of an 11 cm long tapered fiber with an outer cladding diameter of 53 µm. The reduced core diameter can shift the ZDW towards shorter wavelengths. As a matter of fact, the ZDW is shifted down to 1.55 µm when the diameter of the three-hole As 2 S 3 SCF is reduced to 1.1 µm [25] . We calculated the dispersion of the tapered fiber and found that, two ZDWs shift to 1.38 µm and 2.38 µm, respectively, as shown in Fig. 3 . The shapes of the beam spots and the light energy distributions are shown in Figs. 4 (c), (d) and (e), respectively, from which almost Gaussian distributions of the light energy are evident. Besides, the light energy becomes more concentrated in the center with increasing wavelength from 980, 1310 to 1550 nm, although the fiber core size is tapered more close to the light wavelength. Therefore, tuning the ZDW to a short wavelength via tapering the fibers to a small size enables the fiber to be pumped with a shorter pulsed laser commercial available for MIR SC generation, and thus this is a way to develop practical SC sources in the future.
V. CONCLUSION
We have prepared As 2 S 3 suspended-core fiber with threehole using the combination of robust extrusion and traditional rod-in-tube method. The As 2 S 3 SCF has a small core (2.33 µm), low loss and high nonlinearity. Numerical simulations show that, the optical energy can be confined well in the core. The dispersion of the fiber can be tuned via changing the diameter of the fiber. Further tapering the fiber into a small core size of 0.76 µm has no effect on the structure of the fiber, but this could shift one ZDW to 1.38 µm effectively. A broadband MIR SC covering 1.5-9.5 µm can be achieved in the As 2 S 3 SCF pumped by 3 µm laser. To our best knowledge, it is the broadest SC generated in any As 2 S 3 fibers. The results demonstrate the potentials in the applications of the robust extrusion for highly nonlinear chalcogenide microstructure fibers.
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